This review addresses what is currently known about the time course of skill reacquisition after stroke. There is growing evidence that the natural logarithmic pattern of functional recovery can be modified by intensive task-oriented practice preferably initiated within 6 months after stroke. However, the impact of practice on the learning-dependent and intrinsic spontaneous mechanisms of neurological recovery is poorly understood. At least four probably interrelated mechanisms have been identified that drive motor and recovery after stroke: (1) salvation of penumbral tissue in the first days to weeks after stroke; (2) alleviation of diaschisis; (3) homeostatic and learning-dependent (Hebbian) neuroplasticity; (4) behavioral compensation strategies. These mechanisms underlying recovery are highly interactive, and operate in different, sometimes limited, time-windows after stroke onset. In line with these mechanisms of improvement after stroke, we present a hypothetical phenomenological model for understanding skill reacquisition after stroke. Translational research is important at this point to improve our knowledge about the neural correlates of what and how patients learn when they show functional improvement after stroke. This knowledge should serve as a basis to optimize the timing, focus and intensity of evidence-based rehabilitation interventions and to design innovative strategies to enhance motor recovery after stroke.
Introduction
Stroke is the leading cause of disability in western society (Wardlaw, Sandercock, & Murray, 2009 ). The European Registers of Stroke (EROS) show that in a sample of 2,034 first-ever strokes, about 40% had a poor outcome in terms of death, institutionalization or a Barthel Index (BI) below 12 points at 3 months after after stroke (Heuschmann et al., 2011) . In the United States, stroke has a mortality rate of 15%, and 26% of stroke survivors aged 65 years and older are institutionalized at 6 months after stroke, while 50% suffer from hemiparesis and 30% cannot walk without assistance (Kelly-Hayes et al., 2003; Lloyd-Jones et al., 2009) . Although individual recovery patterns and outcome differ between patients, several prognostic studies have shown that outcome at 3 or 6 months is highly predictable for upper (Nijland et al., 2010; Stinear et al., 2012) , and lower limb (Veerbeek et al., 2011) as well as basic activities of daily living (ADLs) in general (Kwakkel et al., 2006; Prabhakaran et al., 2008) . Almost all patients show a certain degree of spontaneous neurological recovery, following a natural logarithmic pattern (Langhorne et al., 2011) . The recovery rate is highest in the first months after stroke, after which recovery levels of and reaches a plateau (Kwakkel et al., 2006; Langhorne et al, 2009; Ng et al., 2007) . Unfortunately, the underlying mechanisms responsible for these spontaneous, natural logarithmic changes in impairment in the first months after stroke are poorly understood and the subject of the present review. We first introduce the theoretical phenomenological model shown in Fig. 1 (Panel A), and to explain processes involved in skill reacquisition. This model summarizes the present body of knowledge relating to the empirical observations of motor recovery after stroke in a way that is consistent with the more fundamental knowledge about underlying mechanisms of brain plasticity after stroke. Subsequently, we discuss the various underlying mechanisms that may explain the natural logarithmic time course of recovery, and briefly discuss the specific timeframes in which these mechanisms may play a role after stroke. We then focus on the sizeable contribution of non-learning-dependent, spontaneous neurological mechanisms and the possible influence of learningdependent mechanisms in the brain that might underlie the processes of skill reacquisition after stroke (Fig. 1, Panel B) . Finally, we define targets for translational research with respect to motor recovery and neuroplasticity mechanisms and discuss new opportunities for rehabilitation interventions to enhance motor recovery in patients after stroke.
Defining stroke recovery
To understand recovery from stroke, it is important to define what we mean by the terms recovery, restitution, compensation and substitution, and their relation to neuroplasticity and changes in the role of specific brain regions (cortical map reorganization) (Dobkin, 2009; Rothi & Horner, 1983) . A number of recent longitudinal studies show that improvement at the level of activities after stroke, such as dexterity (Cirstea & Levin, 2000) is mainly driven by learning compensation strategies rather than by neural repair where patients learn to re-use the same body segments in the same way as they did before their stroke. It is therefore essential to be explicit when talking about recovery, and to refer to the different levels of the International Classification of Functioning, Disability and Health (ICF) as suggested by Levin and colleagues (Levin et al., 2009 ). The ICF defines three levels of recovery: body structure and functions, activities and participation (Levin et al., 2009) . In this Point of View article we will focus on recovery of body functions and activities. We will distinguish neurological recovery at the level of body functions such as strength, synergism and sensation, from improvement at the level of activities such as dexterity and gait after stroke. Although some impairments such as synergies are poorly defined in the literature we prefer to define synergies according to Thomas Twitchell's work as "increased co-activation between muscles in the paretic limb that can be elicited voluntarily or as a reflexive reaction" (Twitchell, 1951) . As a consequence, the joints that are coupled within a synergy cannot be mastered in isolation (Twitchell, 1951) .
Skill reacquisition is defined as improvement on an outcome measure either at the level of functions or at the level of activities. Improvement after stroke encompasses two distinct types of improvement: 1) True (neurological) recovery reflects the return or restitution (or repair) of body functions (or reduction of impairments), which results in the reappearance of the same end effectors during task performance . In this context, an end effector is defined as a body part, such as a hand or foot, that interacts with an object or the environment (Levin et al., 2009) . And 2) Skill reacquisition through motor compensation at an activity level which can be defined as the appearance of 'new' motor patterns resulting from compensation by the remaining intact motor elements at the level of body function. However, skill reacquisition at an activity level can also entail "take-over", or substitution of function by entirely different end effectors or body segments that accomplish the task (Cirstea & Levin, 2000; Michaelsen et al., 2006) .
Obviously, both situations i.e., restitution and compensation (or substitution) mean that patients are able to accomplish the task, but they differ greatly in the way the task is performed, in terms of quality of motor performance. An improvement in quality of movement after stroke in for example a reach to grasp task can be defined as approaching 'normal performance' when compared to healthy individuals. Recent, intensive repeated kinematic measurements early after stroke have shown that the normalization of movement performance in stroke recovery is accompanied with a gradual increments in the number of degrees of freedom (DoF) to control for, as observed in healthy shows the processes underlying skill reacquisition after stroke and emphasizes the fact that most evidence for skill improvement is due to compensatory mechanisms, partly driven by biomechanical changes and the interaction with spontaneous and learning-dependent reorganization. Panel B refers to the underlying neuronal mechanisms influencing the process of skill acquisition after stroke. Dashed lines represent connections for which there is as yet no direct evidence to be found in the literature, while bold lines represent connections for which there is considerable evidence. These lines represent the existence of a relationship between two mechanisms, and do not necessarily refer to a causal relationship. The challenge in this field of research is represented by the red dashed lines and question marks: can we modulate restitution of function after stroke? And can we understand the interaction between compensatory mechanisms and true restitution of body functions after stroke. (The symbol represents change in this model).
age-matched subjects (van Kordelaar, 2013) . In the same vein, Duff and colleagues showed that normalization of motor control of the upper paretic limb is significantly accompanied with improvement in peak speed, smoothness of movement, efficiency and consistency of the trajectory of the hand to the target, reduced errors in placing the hand on the target as well as minimizing compensation by shoulder and torso movements and minimizing coupling in elbow and shoulder and wrist in completing the reaching task (Duff, 2013) .
This also indicates that without quantifying the quality of task performance, it is not possible to distinguish restitution of function as a result of neurological repair from compensation strategies, especially when patients are using the same end effectors to accomplish the specific task (Levin et al., 2009 ). Unfortunately animal studies have usually not focused on whether improvement of a particular activity with the affected limb such as reaching for a food pellet is due to adaptive compensatory mechanisms or to restitution of function. Some of the studies that did address this issue are those by Whishaw and colleagues who demonstrated by video analysis that functional recovery after stroke in rats involves mostly compensatory movements (Whishaw et al., 2000; Whishaw, 2008) . Moon and colleagues found that rats showed compensatory movement strategies during recovery after photothrombotic stroke (Moon et al., 2009 ). The occurrence of compensatory mechanisms in animal models after stroke suggests that this should not be overlooked when investigating the outcome in tasks such as reaching for food pellets (Metz et al., 2005) . These findings are in line with a recent review by Kerr and colleagues who concluded that experience and behavioral interventions such as rehabilitative training can drive functionally beneficial neural reorganization in the injured adult hemisphere, but may also have detrimental effects on neuroplasticity (Kerr et al., 2011) .
In the same vein, clinical outcome measures that are used to assess activities in humans are not suitable to assess the quality of motor performance and, with that, to distinguish between restitution and compensation. For example, most disability scales for activities of daily living, such as the BI (Mahony & Barthel, 1965) and modified Rankin Scale (Banks & Marotta, 2007) , allow the use of the non-paretic hand to accomplish tasks such as dressing, making the outcome of such scales almost independent of the amount of neurological "repair" of the paretic limb. In a less marked way, most clinical outcome measures of the upper paretic limb do not account for trunk involvement in their final scoring system. An example is the Nine Hole Pegtest (Chen et al., 2009) , where the final score is based only on the accomplishment of the task. Some studies have shown that even in grasping an object a number of compensatory mechanisms might play a role in shaping the hand around the object (Raghavan et al., 2010) . Therefore, the mere accomplishment of grasping such as used in the Nine Hole Peg-test might not be sufficient to reveal the use of these subtle compensatory strategies. Hence, it remains unclear from the literature, both on animals and humans, to what extent the improvement in motor performance at an activity level by the affected arm itself is caused by true neurological repair or by learning compensation strategies.
Defining neuroplasticity
There are several definitions of neuroplasticity in the literature. Murphy & Corbett (2009) defined neuroplasticity as "Changes in the strength of synaptic connections in response to either an environmental stimulus or an alteration in synaptic activity in a network" (Murphy & Corbett, 2009 ). True neurological recovery at the level of the brain may be defined as restitution of the function of the neurons that have escaped infarction but have been functionally impaired trough changes in metabolic activity. However, since true repair in the brain might only be possible by replacing lost neurons in the brain, neuroplasticity mechanisms in the brain itself may always be viewed as compensatory (Levin et al., 2009) . The functioning of these neurons will always be in response to tissue loss and might interact with changes in synaptic activity in the motor network. Compensatory mechanisms at a behavioral level are thought to involve neuroplasticity mechanisms in the brain itself in order to develop and sustain these compensatory strategies. Changes at the neural level (neuroplasticity) can be either adaptive or maladaptive to recovery and not all changes in the brain will have functional significance for skill reacquisition after stroke. The precise way in which changes at a neuronal level influence restitution as well as compensation is still under investigation.
True neurological recovery in skill reacquisition after stroke
Apart from saving neural tissue by thrombolysis, there is insufficient evidence that it is possible to modulate true recovery (i.e. restitution of function or reduction of impairment) by specific rehabilitation interventions that start in the first weeks after stroke beyond spontaneous neurological recovery after stroke (Langhorne et al., 2009 (Langhorne et al., , 2011 . Only a few randomized controlled trials have been designed to specifically study the restoration of body functions by measuring motor impairment directly such as the motor part of the Fugl-Meyer arm test (FM-arm) (Wolf et al., 2006) . Another way to assess improvement at the level of body functions is by using kinematic analysis to establish whether therapeutic interventions have an effect at the impairment level. Patterns of improvement are often characterized by movements in synergistic patterns (Cirstea & Levin, 2000) . Synergistic movement patterns have been described as pathological couplings between, for example, shoulder and elbow movements by either voluntary of reflexive co-contraction of muscles before isolated movement of the end-effectors is possible (Brunnström, 1970) . However, most RCT's have focused on improvement at the level of activities after stroke and were therefore not designed to measure the quality of motor performance and to distinguish between restitution and compensation strategies after stroke . Such a design is, however, necessary to understand exactly what and how stroke patients learn during skill reacquisition after stroke supported by rehabilitation interventions (Kwakkel & Wagenaar, 1996; Kwakkel et al., 2006; Sunderland & Tuke, 2006; Wolf et al., 2005) . Longitudinal regression analysis of change scores suggests that progress of time as a reflection of spontaneous neurological recovery, rather than rehabilitative therapeutic interventions, account for the majority of improvements contributing to restitution of function in the first weeks after stroke (Kwakkel et al., 2006) . As a consequence, mere progress of time in the first three months after stroke is a major confounder in understanding the effects of rehabilitation interventions, which further underlines the need for large, well-designed randomized controlled clinical trials. Such trials should preferably adhere to the CONSORT statement, an evidence-based set of minimum recommendations for reporting randomized trials. It provides a tool to standardize reports and minimize bias in trial results, by clear and transparent reporting of findings .
The time window of neural mechanisms assumed to play a role in the natural logarithmic pattern of recovery of body functions (or reduction of impairments) Levin et al., 2009 ) may further underline the need for RCTs starting in the first weeks after stroke. As suggested by Murphy and Corbett after stroke a number of neural mechanisms are operating in different, partly overlapping time frames (Murphy & Corbett, 2009 ). In the first hours to days, the brain is trying to limit tissue damage in the penumbra (the brain region that suffers from ischemia but in which the ischemic damage is potentially or at least partially reversible) (Witte et al., 2000) and is thought to promote useful neuroplasticity by upregulating a number of proteins (such as inflammatory cytokines, nerve growth factors, and neurotransmitters) in the ischemic core as well as the penumbra (Murphy & Corbett, 2009 ). In addition, alleviation of diaschisis (Feeney & Baron, 1986) and Hebbian as well as non-Hebbian learning mechanisms are thought to drive cortical map reorganization in the first weeks after stroke (Witte et al., 2000) .
Longitudinal studies in humans with repeated measurements over time show that the pattern of restitution of impairments is mainly seen within the first 10 weeks after stroke . After this time window, improvement of the outcome in terms of activities is thought to be mainly defined by adaptation or compensatory motor strategies. Furthermore, since the outcome in terms of body functions as well as activities in humans can be predicted with a very high degree of certainty in the first few weeks after stroke (Kwakkel et al., 2006; Prabhakaran et al., 2008; Stinear et al., 2012) , we hypothesize that true neurological recovery is mainly defined by spontaneous, non-learning-dependent mechanisms in the first weeks after stroke, such as salvation of penumbral tissue and alleviation of diaschisis or shock. The first evidence that both processes (compensation and restitution) emerge simultaneously early post stroke is shown by van Kordelaar et al. (2013) in which the number of degrees of freedom to control as reflected by synergism is almost completed within the first 3 months post stroke (van Kordelaar, 2013) . This time window corresponds to enhanced gene-expression profiles in the post-ischemic brain in animals (Ge et al., 2007) , and this might be true for human stroke as well. These findings have important implications for the treatment of motor impairments after stroke. If there is a limited time window for plasticity mechanisms, this suggests that it is critical to start rehabilitative interventions in the first weeks after stroke (Carmichael, 2006) . Although this assumption is not directly supported by evidence found in trials started in the first weeks after stroke in humans, several prognostic models for regaining dexterity after stroke do suggest that the final outcome of upper limb function at 6 months in terms of motor synergies can be maximally predicted within the first 4 weeks after stroke (Kwakkel et al., 2006; Prabhakaran et al., 2008; Stinear et al., 2012) . In animal research, rats showed better outcomes in terms of upper limb reaching tasks, with more dendritic outgrowth, when they received upper limb training in combination with an enriched environment within the first 28 days after stroke, than when the upper limb training was delayed beyond 28 days (Biernaskie et al., 2004) . In the latter case, training turned out to be ineffective in resolving the forelimb impairment as well as in promoting dendritic outgrowth (Biernaskie & Corbett, 2001) . The challenge in this field thus lies in trying to influence the mechanisms that are active during neurological recovery in the first weeks after stroke, either by targeting motor function at the impairment level as a reflection of neural repair and/or by directly targeting neurological repair itself. The question is, however, does allowing patients to use compensation strategies within the first 12 weeks prevent true neurological repair? This latter question is unsolved by lack of trials in this field.
Compensation strategies in skill reacquisition after stroke
In humans, increased coupling between shoulder abduction and elbow flexion of the paretic limb, as well as increased trunk involvement to improve accuracy of reaching with the affected hand (Cirstea & Levin, 2000; Ellis et al., 2005; Lang et al., 2006; Michaelsen et al., 2004; Sukal et al., 2007) , also known as synergistic movement, is often seen during skill reacquisition after stroke. This suggests that functional improvement is achieved by compensatory mechanisms using preserved descending motor pathways to compensate for distal impairment through better trunk control, as opposed to restitution of function . For instance, improvement after constraint induced movement therapy (CIMT), where the unaffected limb is being constrained to enforce the use of the affected limb, is not merely based on overcoming learned non-use, but also on adopting alternative movement strategies to accomplish upper limb tasks (Kitago et al., 2012) . Poor selectivity of motor control, defined as the impaired ability to isolate activation of muscles in a selected pattern, is characterized by a reduced number of degrees of freedom, reduced speed and a more proximal control of the affected arm and hand (Latash et al., 2007) . One may argue that, from the perspective of controlling degrees of freedom, proximal control through the trunk and shoulder while fixating the elbow is easier than controlling all joints simultaneously while performing a functional task (Latash & Anson, 1996) . Therefore, serial kinematic measurements in which the quality of motor performance is measured systematically in the first months after stroke are vital in explaining the dynamics of neural recovery.
The occurrence of compensatory movement strategies suggests that this should be seen as an important confounder in understanding true motor recovery. This finding underlines that limitations in terms of body functions and restrictions of activities are not the only parameters that should be measured to understand changes in motor performance. Moreover, one may hypothesize that biomechanical changes in the musculoskeletal system itself may contribute to a gradually changing preferred performance during the execution of tasks (Latash et al., 2007) . For example, recent studies using electromyography (EMG) of the arm muscles found that mechanical perturbations of the elbow angle resulted in two different temporal change patterns (Mirbagheri et al., , 2009 ). In some patients, intrinsic and reflex stiffness increases continuously after stroke, while in other patients, intrinsic stiffness decreases continuously over a 12-month interval. The mere existence of these different and potentially opposing processes suggests that global joint-stiffness measures may be misleading (Alibiglou et al., 2008) . It therefore seems worthwhile for future studies to distinguish between neural resistance induced by reflex activity and the increased non-neural passive resistance by changes in muscle and connective tissue (Mirbagheri et al., , 2009 . A longitudinal study suggested that muscle stiffness at 5 weeks is a better predictor of arm function measured with the Fugl Meyer arm test (FMA) at 6 months, than FMA score itself at 5 weeks (Mirbagheri et al., 2012) . These results suggest that muscle stiffness affects upper limb recovery These peripheral biomechanical changes within the neuromuscular system itself (i.e., neuromechanics) are an important, but so far neglected component in the study of skill reacquisition after stroke, and will allow better interpretation of neural dynamics in longitudinal fMRI and TMS studies (Buma et al., 2010) .
Understanding non-learning-and learning-dependent mechanisms of skill reacquisition
A number of mechanisms in the brain have been proposed to underlie sensorimotor recovery after stroke, as shown in Fig. 1, panel B . The following sections first explain the spontaneous mechanisms shown in panel B. Starting from the ischemic cascade in the first minutes after stroke, there are mechanisms protecting neurons on the one hand, and mechanisms accommodating and driving spontaneous peri-infarct neuroplasticity (Brouns & Deyn, 2009; Doyle et al., 2008) on the other. In addition, metabolic changes (including diaschisis) take place around and distal to the lesion site, which can last up to several weeks (Biernaskie & Corbett, 2001) or even months (Seitz et al., 1999) . Subsequent sections then present the evidence for the learning-dependent mechanisms in panel C, introducing evidence to suggest that these spontaneous mechanisms can be influenced by experience (Biernaskie & Corbett, 2001) . First, however, we need to define what is meant by neuroplasticity after stroke and what its relationship with skill reacquisition is (through restitution or compensation).
Spontaneous (non-learning-dependent) mechanisms of recovery
In the first weeks after stroke, a number of mechanisms are hypothesized to be involved in spontaneous neurological recovery such as: (1) salvation of the penumbra, (2) physiological and neuroanatomical reorganization, (3) alleviation of diaschisis, (4) and reperfusion enhanced by post-stroke angiogenesis.
Salvation of the penumbra
Neurological recovery is assumed to be linearly correlated with the volume of at-risk tissue in the penumbra that escapes infarction, whether this is spontaneous or enhanced by recombinant Tissue Plasminogen Activator (rTPA) (Baron, 2005) . Two mechanisms underlie this correlation: (1) return of neural function (probably due to blood flow being reduced but not below a certain threshold), within hours or days, and (2) gradual recovery over weeks through structural and functional plasticity in the infarct rim. Reperfusion after stroke can greatly reduce injury after ischemia and can improve neurological outcome after stroke. Structural damage to the dendrites can even be reversed during reperfusion (Zhang et al., 2005) . However, reperfused tissue might still be at risk for inflammation and selective neuronal death up to several days to weeks after stroke (Guadagno et al., 2008) . Cellular events related to tissue inflammation and selective cell death during salvation of the penumbra are assumed to interact with plasticity mechanisms in the infarct rim, which are therefore important when trying to model the mechanisms involved in recovery after stroke (Baron, 2005; van der Zijden et al., 2008) . Subsequently the amount of recovery that a patient shows in this period might well be influenced by these mechanisms related to the survival of the penumbra.
Spontaneous neuroplasticity
After injury, the areas around the lesion as well as anatomically connected areas further away from the lesion undergo substantial spontaneous physiological and neuroanatomical changes. Homeostatic mechanisms ensure that activity in the surviving neurons is scaled to previous input, meaning that high levels of activation favor synaptic depression while low levels of activation (for example deafferentiation due to the lesion) induce facilitation (Turrigiano, 2008) . Under influence of an upregulation of a number of growth promoting genes connectivity in surviving neurons is restored. For example, in the first weeks after focal stroke in rats, growth promoting factors (such as brainderived neurotrophic factor, BDNF and nerve growth factor, NGF) are expressed in waves by neurons in the peri-infarct area, creating a favorable environment for dendritic outgrowth and synaptogenesis (Carmichael, 2006) . Evidence for the involvement of these factors in recovery after stroke has been found in studies on BDNF, where administering BDNF in rats promoted the improvement of skilled reaching after stroke, as well as dendritic outgrowth (Schäbitz et al., 2004) . There seems to be a change in the balance between the excitation and inhibition of neurons, and this hyperexcitability can be a signal of the resetting of neuronal activity in the infarcted area due to homeostatic mechanisms (Murphy & Corbett, 2009 ). This could provide a favorable environment for the presence of waves of depolarization in the infarct area, which are thought to be a signal of axonal sprouting (Carmichael, 2006) . At a later time point after upregulation of growth factors, outgrowth is modulated by inhibitory factors (such as NOGO, chondroitin sulphate proteoglycan64, eprhin A5, semaphoring 3A and neuropilin 1). These factors are expressed in a later stage after stroke in rats, probably to control axonal outgrowth and prevent overconnectivity (Murphy and Corbett, 2009; Overman et al., 2012) . Homeostatic plasticity mechanisms might cause an initial overproliferation of new connections through axonal sprouting due to disinhibition in the areas connected to the injury (Winship & Murphy, 2009 ). These overconnections might be pruned by Hebbian-and non-Hebbian like learning mechanisms in optimizing these adapted neural circuits in response to relearning skills. Interestingly, both Hebbian-like mechanisms in the peri-infarct area and homeostatic synaptic neuroplasticity could be coordinated by upregulation of factors such as BDNF (Pozo & Goda, 2010) .
Alleviation of diaschisis
Spontaneous recovery after stroke is not restricted to the first hours after stroke, but may happen during a longer period, even up to 10 weeks (Kwakkel et al., 2006) . The limited therapeutic window for rTPA, three to four hours after stroke, suggests that other mechanisms, such as recovery from "cerebral shock" or alleviation of diaschisis, may explain the spontaneous neurological recovery that may continue for several weeks. Monakov first described the phenomenon of diaschisis in 1914, and proposed that areas distant from the lesion could be functionally affected by neuronal damage. The term diaschisis is used today for any "remote" effect initiated by a focal lesion or ischemic event to the brain (Andrews, 1991; Seitz et al., 1999; Witte et al., 2000) . Diaschisis is accompanied by depression of regional cerebral blood flow extending beyond the anatomical lesion, as demonstrated by a perfusion deficit in the region of cortical diaschisis measured with rCBF-SPECT (Chu et al., 2002; Komaba et al., 2004) . Alleviation of the suppression of brain areas anatomically related to the lesion (i.e. reversal of diaschisis) is thought to contribute to motor recovery of neurological function and motor control in the first months after stroke (Feeney & Baron, 1986; Seitz et al., 1999) . While serial assessments of diaschisis have been scarce, the topographical overlap between lesion-affected and recovery-related brain networks supports the idea that reversal of the suppressed areas may play a significant role in skill reacquisition after stroke (Chu et al., 2002; Seitz et al., 1999) . However, its physiological aspects, as well as its time window, are still largely unknown, and persistent remote effects of cortical injury are more complex than previously thought (Gold & Lauritzen, 2002) . For example, diaschisis involves disinhibition of anatomically related brain areas as well as hyperexcitability, in addition to the well-known hypometabolism and inhibition of these areas (Andrews, 1991) .
Non-neural forms of plasticity after stroke
New blood vessels are formed in the peri-infarct zone in the first days to weeks after stroke (Font et al., 2010) . Recent research demonstrated that angiogenesis and neurogenesis are coupled restorative mechanisms that contribute to neurological recovery (Chopp et al., 2007) .
For example, metalloproteinases (MMPs) released in the penumbral area after stroke causes breakdown of the blood-brain barrier (BBB) and are therefore associated with edema and neuronal loss. However, MMP-9 has also been suggested to be involved in revascularization in the later stages after stroke (Zhao et al., 2006 (Zhao et al., , 2007 . Thus, downregulation of MMPs over a longer period might protect neurons in the first few hours but might subsequently be detrimental to neuroplasticity. It seems that timing is important in finding an appropriate therapeutic target in the penumbral area in the first hours after stroke. Proteins associated with neuroplasticity and dendritic outgrowth in stroke, such as BDNF and transforming growth factor alpha (TGFa), have also been associated with angiogenesis and are therefore referred to as angioneurins (Font et al., 2010) . Interestingly, these proteins are involved in learningdependent neuroplasticity as well (Ploughman et al., 2009) .
Learning-dependent mechanisms of neuroplasticity
The synaptic scaling caused by homeostatic neuroplasticity seems to create a favorable environment in which other forms of learning-dependent plasticity (Hebbian-type synaptic strengthening and pruning) can take place, and ensures that neurons in the periinfarct area continue to receive sufficient input. The brain quickly adapts in response to a lack of input by remapping the somatosensory cortex, as was shown in monkeys following deafferentiation (Clifford, 1998; Nudo & Milliken, 1996) . If a single digit is removed from an adult animal (a form of deafferentiation) the cortical area connected to that digit rapidly remaps to represent the remaining intact digits that project to the adjacent cortex (Nudo & Milliken, 1996) . The formation of new cortical connections occurs in areas that are not involved in the infarct itself and that start to receive input of information from the nearby cortex (Dancause et al., 2005) . Strong excitatory or inhibitory NMDA receptor-dependent postsynaptic changes may lead to long-term potentiation (LTP) or long-term depression (LTD), respectively (Cooke & Bliss, 2006) . Further enhancement of the production of proteins involved in synaptic neuroplasticity can be obtained through experience, including training and afferent stimulation (Sawaki et al., 2006; Winship & Murphy, 2009) .
Animal studies have revealed a complex interplay between mechanisms of homeostatic and Hebbianand non-Hebbian forms of plasticity, in which mechanisms of neuroplasticity are not only dependent on the amount of practice, but also on the type of training as well as its timing after stroke (Biernaskie & Corbett, 2001; Ploughman et al., 2009 ). For example, moderate treadmill training in rats was found to increase levels of proteins such as BDNF, neurophysin-I and insulin-like growth factor (IGF) type I. However, when these rats engaged in an intensive (60 minutes, forced) motorized running training, the elevation of growth factors was more short-lived than after voluntary running initiated by the rats themselves (Ploughman et al., 2005) . This finding suggests that frequent but low-intensity exercise episodes (voluntary running over a 12 h period) has a delayed but sustained effect on BDNF production (Ploughman et al., 2007) . The importance of therapy dosage is shown by MacLellan and colleagues who found that voluntary reaching in rats needed to rise above a certain threshold to cause improvement of motor function at an activity level and to produce elevated levels of BDNF (MacLellan et al., 2011) . There seems to be a critical time window when administering rehabilative therapy in animals after stroke. An important study showed that delaying rehabilative treatment in a rodent stroke model for 30 days after stroke, led to poor improvement of upper limb function as well a no change in dendritic outgrowth. Rehabilitation therapy administered in the first few weeks after stroke, however, enhanced improvement on a reaching task as well as increasing dendritic outgrowth (Biernaskie et al., 2004) .
Other forms of brainplasticity
Animal studies have shown that treadmill running may also enhance the blood-vessel density in the motor cortex, cerebellum and striatum thereby allowing increased metabolism in poorly perfused areas (Black et al., 1990; Ding et al., 2004; Kleim et al., 2002) . In interaction with some of the above mentioned forms of cortical reorganization around the infarct rim, treadmill running therapy does indeed upregulate endothelial nitric oxide synthase (Endres et al., 2003) , as well as reducing pro-coagulation factors and increasing factors associated with anticoagulation (Wittenberg et al., 2003) . Nevertheless, the exact role of angiogenesis evoked by training in the human brain is an unexplored area.
In vivo imaging of cortical map reorganization in humans
Cross-sectional and longitudinal fMRI, PET and TMS studies suggest that the damaged adult human brain shows changes in activity patterns (Askim et al., 2008; Calautti & Baron, 2003; Nelles et al., 2001; Rehme et al., 2012; Ward et al., 2003a) . These changes are thought to represent remapping and vicarious functions of areas in the motor network (Dancause, 2006) . In the early days most fMRI studies were performed on patients in the chronic stage (>6 months) after stroke. These studies found overactivations in a number of motor areas in patients who showed poor skill reacquisition compared to control subjects. These over-activations were predominantly seen in the bilateral premotor cortex (PM), supplementary motor area, as well as parietal regions (Seitz et al., 1998; Ward, Brown et al., 2003b) . High scores on outcome measures in terms of body functions and activities is associated with preservation or restoration of activity in the ipsilesional hemisphere, rather than task-related recruitment of activity in the non-affected hemisphere (Small et al., 2002; Ward et al., 2003a) . Recent serial fMRI and PET studies have suggested that cortical reorganization over time (i.e. the amount of recruitment and activation of task-specific areas in the unaffected and affected hemispheres) is largely dependent on the intactness of the corticospinal tract, which can be measured with TMS (Ward et al., 2003a (Ward et al., , 2003b , or diffusion-tensor imaging (DTI) (Newton et al., 2006) .
It is unlikely (from the perspective of regaining dexterity) that secondary motor areas are able to take over the actions of the primary motor system (Maier et al., 2002; Ward, 2007) . Indeed, ipsilateral increments in cortical activation are correlated with poor skill reacquisition in terms of body functions and activities (Buma et al., 2010 ). An increase in axial muscle control has recently been suggested to be accompanied by an increase in ipsilateral cortical activity, whereas for distal arm muscles, ipsilateral increases are correlated with moderate to severe impairment (Schwerin et al., 2010) . These findings might suggest that an increase in the excitability of ipsilateral pathways projecting to the proximal upper arm may contribute to the control of arm extension following stroke (Bradnam et al., 2012) . Apparently, it is much more difficult to restore the affected primary motor networks responsible for distal multi-joint coordination than to use more proximal motor control in a sequential, fragmented type of movement (Cirstea & Levin, 2000) .
The mechanisms of cortical reorganization are probably stimulated by task-specific therapy. For example, repeated TMS (Liepert et al., 2000) , PET (Nelles et al., 2001) or fMRI measurements show that therapy-mediated improvements by CIMT result in increased activity in the affected hemisphere and decreased activity in the unaffected hemisphere while a motor task is being performed with the affected hand. However, these macroscopic changes in cortical activation after arm training or CIMT may reflect compensatory motor skill learning rather than restoration of lost representations (Sunderland & Tuke, 2006) . As mentioned above, it is of paramount importance to kinematically assess whether synergistic compensatory movement patterns (such as trunk involvement) might be responsible for the improved task performance and whether these compensatory mechanisms are confounding the relationship between skill reacquisition and brain activation as measured with fMRI.
Since improvement after stroke is time-dependent, results of imaging studies are heavily influenced by the moment of scanning after stroke, at least when measuring during the first 6 months after stroke (Kwakkel, 2006) . The great complexity of assessing neural correlates of skill reacquisition after stroke demands an appropriate study design taking account of the confounders often encountered in stroke imaging research. Statistical, anatomical, experimental and task-dependent factors may confound results, leading to interpretation problems in serial fMRI studies (Buma et al., 2010 , for a systematic review). Examples are: (1) using appropriate measures of functional improvement of the upper paretic limb, which measure improvement of body functions; (2) using quantitative measures of the quality of performance in executing a motor paradigm (e.g. strength, ROM, speed, attention and sensation), so that performance of the task can be accounted for; (3) controlling for "mirror movements" of the non-paretic limb to ensure proper interpretation of activity in the unaffected hemisphere (Kim et al., 2003) . In addition it might be relevant to assess the influence of time-dependent neuromechanical changes in the arm itself in terms of increased stiffness and spasticity, to be able to understand the relationship between task dependent changes in the brain and the possibly increased non-neural passive resistance by changes in muscle and connective tissue (for critical comments see Dobkin, 2003) .
Connecting the dots and targets for future research
The likelihood of regaining skills after stroke is complex and determined by a number of learningand non-learning-dependent mechanisms. These are brought together and summarized in context in our proposed phenomenological model for understanding skill reacquisition after stroke (Fig. 1) . As discussed, panel A illustrates that skill reacquisition through motor learning may take place in a number of steps. At first, most patients suffer from a reduced ability to modulate their movement apparatus due to loss of somatosensory sensation, muscle strength and selectivity in muscle recruitment. At the same time, biomechanical changes occur as a result of loss of muscle fibers by orthograde degeneration, increased stiffness and velocity-dependent changes in myotatic stretch reflexes (spasticity). Patients with a poor prognosis will use compensatory movement strategies to recover motor control, whereas patients with a favorable prognosis will be able to restore impaired functions. Ultimately, the actual motor performance, and consequently the ability to accomplish a particular task, will depend on the equilibrium between the capacity for restitution versus compensation.
In the early stages after stroke, non-learningdependent mechanisms such as spontaneous motor recovery (panel B) as well as learning-dependent mechanisms (panel C) are responsible for changes in cortical reorganization. The process of spontaneous recovery is defined by salvation of penumbral tissue by reperfusion, angiogenesis and "spontaneous" alleviation of diaschisis or cerebral shock (panel B). Mechanisms related to spontaneous neurological recovery are mainly defined by progress of time and restricted to the first 10 weeks after stroke (Dobkin, 2005; Kwakkel et al., 2006) . Simultaneously, and in interaction with spontaneous neurological recovery, experience through practice will also lead to cortical reorganization, starting within minutes from stroke onset (Panel C). Hebbian and non-Hebbian learning mechanisms lead to LTP and LTD. Both mechanisms result in a change in interneuronal connectivity and efficiency in the communication along existing neuronal networks (Cooke & Bliss, 2006) .
We argue that understanding skill reacquisition after stroke requires a translational, multidisciplinary approach, with intensive measurements repeated over time. In these time-series both motor performance and changes in brain activity need to be measured simultaneously during identical time frames after stroke. The first measurements should preferably start in the first days after stroke, and they should be repeated until skill reacquisition has reached a plateau. In order to improve our understanding of skill reacquisition after stroke, serial assessments should investigate the relationships between observed improvements in clinical measures, kinematics, biomechanics and cortical map reorganization (Kollen et al., 2005; Kwakkel et al., 2008; Wagner et al., 2007) . Such serial measurements may enable us to distinguish "true" neurological repair from learning to use compensation strategies. This goal does not seem to be sufficiently served merely by studying the changes in cortical map reorganization by fMRI or PET in relation to the intactness of the corticospinal tract system assessed by TMS or fiber tracking. Understanding the meaning of changes in cortical activity as a function of time requires simultaneous measurements of changes in motor performance, including kinematics (Goodwin & Sunderland, 2003; Kwakkel & Wagenaar, 1996; Wagner et al., 2007) .
The above phenomenological model currently serves as a template for the EXPLICIT-stroke program in the Netherlands (Kwakkel et al., 2008) . EXPLICITstroke is an acronym for 'EXplaining PLastICIiTy after stroke'. The EXPLICIT-stroke program is a 6-year translational research program supported by the The Netherlands Organisation for Health Research and Development (ZonMw). The main aim of EXPLICITstroke is to investigate the effects of intensive intervention to regain dexterity starting within 2 weeks after stroke, and to explore the underlying mechanisms involved in regaining upper limb function in the first 6 months after stroke. For this purpose stroke patients are longitudinally investigated by applying a multimodal approach in which clinical outcomes are related to observed changes measured with fMRI, TMS, DTI, kinematic assessments and haptic robotics after stroke. The EXPLICIT-stroke program is expected to provide an answer to the key question how much of therapyinduced improvement is due to restitution of function and how much to compensatory mechanisms (Kwakkel et al., 2008) .
In addition, future studies, including those conducted in animals should measure the quality of motor performance, by including kinematic analysis, in addition to outcome measures in terms of body functions and activities. With that, research relating the principles of cortical map reorganization to a better understanding of what and how patients learn, instead of relating it to whether they learn, is expected to further enhance our understanding of the meaning of the neural dynamics in activation patterns after stroke. Acknowledging that patients' motor performance is also determined by changes in the structure of the movement apparatus itself (Latash & Anson, 1996; Latash et al., 2007) , phenomena such as increased intrinsic stiffness and reflex stiffness need to be measured to understand the observed changes in motor performance (Dewald et al., 2001; Mirbagheri et al., 2009) .
As a consequence, our model of the processes and mechanisms of skill reacquisition after stroke may be helpful in designing trials and selecting therapy. First, our model recommends that clinicians and researchers should distinguish between skill reacquisition resulting from neurological repair and from compensation strategies (Fig. 1) (Levin et al., 2009) . Second, the contribution of non-learning-dependent mechanisms such as spontaneous neurological recovery suggests that trials should use appropriate randomization procedures when studying the impact of therapeutic interventions on skill reacquisition in the early stages after stroke (Kwakkel et al., 2006) . This confirms the general rule that stroke outcome data should only be reported when the observations of experimental and control groups are made during the same time interval after stroke onset. Third, our model supports the general conviction that the selection of a type of therapy in the early stages after stroke, matters for the final outcome. For example, there is a longstanding debate in rehabilitation medicine whether specialists should aim for restitution of body functions or should allow patients to adopt compensation strategies (Kollen et al., 2005; Krakauer et al., 2012) . The current view is an extension of reports from longitudinal studies that suggest that restitution and compensation complement each other in the process of skill acquisition that starts immediately after stroke onset. The question whether we should prevent patients from adaptive motor learning in the first weeks after stroke to optimize normal movement remains unsolved, through lack of proper randomized clinical trials (Kollen et al., 2005) .
Limitations
The focus in the present review has been on bridging the gap between preclinical and clinical research on skill reacquisition after stroke. We have attempted to show where there are gaps in our knowledge and have focused on constructing a phenomenological model for understanding stroke recovery. While much can be learned from animal studies some caution must be taken in translating these results to humans. We suggest there are a number of issues (1) Animal stroke models are mostly based on cortical stroke, whereas subcortical stroke is much more common in humans (Carmichael, 2005) (2) The exercise therapy used in animal studies does not easily translate to human studies since (a) treadmill running does not translate to task specific training used in rehabilitative setting in humans (Hillman et al., 2008 ) (b) the threshold dose for treatment of task-specific training in animal studies is found to be around a factor of 10 higher than that observed in humans in a rehabilitative setting Lang et al., 2009; Remple et al., 2001 ) (3) The timeframe of recovery studied in animals is different from that for humans, so translating the critical time window for some plasticity mechanisms in animals (Biernaskie et al., 2004 ) to a specific period in humans is difficult and deserves further investigation (4) In animal studies applied interventions are aimed at relearning a well practiced task and not at reducing impairments in general.
Conclusion
Several longitudinal studies have provided strong evidence that neural repair in which the quality of motor control is restored is mainly confined to a limited time window of spontaneous neurological recovery in the first 3 months after stroke (Kwakkel et al., 2006) . So far, large, well-designed randomized clinical trials starting within this time window have been scarce, while the clinical outcome measures used were unable to distinguish between skill reacquisition by restitution of body functions as a reflection of neural repair, and skill reacquisition by learning to compensate while performing meaningful tasks. In view of this, the ICF framework is essential for interpreting motor recovery and neural dynamics after stroke (Levin et al., 2009) . Unfortunately, neither animal nor human studies have shown that restitution of impaired body functions by certain rehabilitation interventions can restore the quality of normal motor performance. A better understanding of the underlying mechanisms that drive "spontaneous" recovery after stroke and restitution of body functions may lead to the development of interventions starting within days after stroke and aimed specifically at restoring functions to a level as close to normal as possible (Latash et al., 2007) . For this purpose, translational research should be guided by the ICF framework and be built around solid hypotheses derived from and founded on knowledge of basic and preclinical science (Cheeran et al., 2009) . The research questions addressed will then lead to answers to clinically relevant problems that are perceived as critical for improving care for one of the most common disabling diseases, stroke (Dong et al., 2006) .
